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Abstract:

 Aquifers within the Columbia River Basalt Group (CRBG) provide a critical water supply throughout much of the Pacific Northwest of the United States. Increased pumping has resulted in water level declines in this region. Recharge into this aquifer system is generally not well understood. Recent suggestions of probable decades-long droughts in the 21st century add to this problem. We show that geophysical methods can provide useful parameters for improved modeling of aquifers in a primary CRBG aquifer located on the eastern edge of the Columbia Plateau. Groundwater models depend in part on the area, thickness, porosity, storativity, and nature of confinement of this aquifer, most of which are poorly constrained by existing well information and previous stress tests. We have made use of surface gravity measurements, borehole gravity measurements, barometric efficiency estimates, earth tidal response, and earthquake seismology observations to constrain these parameters. We show that the aquifer, despite its persistent drawdown, receives a great deal of recharge annually. Much of the recharge to the aquifer is due to leakage from overlying flows, ultimately tied to precipitation, an important result for future aquifer management in times of sustained drought.
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1. Introduction

The Columbia River Basalt Group (CRBG) in the Pacific Northwest of the United States hosts a regional aquifer system that extends from the foothills of the northern Rocky Mountains in west-central Idaho into the Columbia Basin of Washington and Oregon (Figure 1). In many locations within the region, it is the only water source for communities, residences, industry, agriculture, and aquaculture [1]. The CRBG aquifer system is a significant concern to water resources managers because of long-term water level decline and a general lack of knowledge about natural recharge.

Figure 1. The darkly shaded area is the CRBG regional aquifer system in the Pacific Northwest of the contiguous United States. The rectangle on the left map shows the location of the general study area, the Palouse basin.
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A recent study has suggested that in the western states, drought risk in the 21st century will likely exceed the driest centuries of the past millennia, leading to unprecedented drought conditions [2]. Much of the inland Pacific Northwest is characterized by an arid to semiarid climate. The majority of surface water in this region originates as upland precipitation. The causes of past and future drought will not be identical but the paleoclimatic record demonstrates the plausibility of extensive, severe droughts [3]. In the past half century, the up-dip areas of the Columbia Basin abutting the northern Rocky Mountains region have experienced a substantial decline in peak snow water equivalent [4]. A recent USGS study of the Columbia Basin suggests that climate change will result in a drop in water levels across the region with resultant degradation and disappearance of aquatic ecosystems [5]. Water managers in the Columbia Basin need to understand the nature of recharge into the aquifer system and the effect a sustained drought will have on aquifer system productivity.

Recharge, if any, of the deeper CRBG aquifers is generally inferred to occur (1) from groundwater movement originating around the edge of the Columbia Basin in up-dip areas where units pinch out; and (2) from vertical leakage through younger more shallow flows via open faults and tectonic fractures. Both of these sources are intimately related to precipitation and ultimately climate change. The general area of this study (the Palouse basin), lies at the eastern up-dip edge of the CRBG in good position to study the nature of CRBG recharge (Figure 1). Furthermore, excellent records of pumping volumes and historic records of annual water level declines are maintained by the Palouse Basin Aquifer Committee [6].

The key to understanding the nature of recharge in the study area is to have an adequate groundwater model that explains the dynamics of the aquifer system. However, previous groundwater models [7,8] for the study area have neither predicted the annual drop in water levels within the aquifer system nor have they provided any useful insight into the nature of recharge. We believe the lack of success of these models was at least in part the result of incorrect parameters employed, particularly with respect to the area, thickness, porosity, storativity, and nature of confinement of the aquifer system. The purpose of this study is to show that geophysical methods including surface gravity measurements, borehole gravity measurements, barometric efficiency estimates, earth tidal response, and earthquake seismology observations can be useful to better constrain these parameters for future groundwater models.


1.1. CRBG Aquifers

Numerous studies of CRBG aquifers have been conducted within the Columbia Basin to better understand their hydrogeology [9,10,11,12,13,14,15,16,17]. One of the most significant findings of these studies is the similarity of the hydrogeological characteristics, properties, and behavior of the CRBG aquifers across the region. These general characteristics include: (1) simple sheet flows of basalt 10 to >100 m thick of great lateral extent that act as aquitards; (2) intraflow structures such as vesicular flow-tops, rubble zones, and sedimentary interbeds that act as aquifers; (3) control of lateral continuity of the aquifers by erosion, flow pinchouts, folds, faults and dikes; (4) flow pathways dominantly sub-horizontal down-dip; (5) limited vertical groundwater movement. These similar characteristics allow for the application of the knowledge of the general hydraulic characteristics and behavior of the CRBG aquifers in one area to be applied to CRBG aquifers in other areas [18].



1.2. Study Area

Our general study area (Figure 2) is the Palouse basin of western Idaho and eastern Washington abutting the crystalline rocks of the northern Rockies foothills. The Palouse is an important dryland agricultural region, with a semi-arid climate and topography dominated by rolling hills composed predominantly of windblown loess. A larger amount of precipitation falls in the mountainous terrain which bounds the study area to the east, southeast, and north [19]. The Palouse River, its tributaries, and other local streams drain the area and flow towards the northwest to eventually join the Snake River. Some 800 water wells have been cataloged in the Palouse basin [20] which covers an area of 1280 km2. Most are shallow, very-low productivity domestic wells hosted in the loess soil cover or in the crystalline rocks of the surrounding highlands.

Figure 2. The Palouse basin general study area. See Figure 1 for location. The specific study area, the Moscow-Pullman basin is indicated by the solid purple line. The dashed line is the boundary of the larger area under the political jurisdiction of the Palouse Basin Aquifer Committee.
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1.3. The Moscow-Pullman Basin

Based on the very similar piezometric elevations and historic water level declines, the primary aquifer system that serves the cities of Pullman and Moscow appears to be restricted to an area referred to as the Moscow-Pullman basin (Figure 2) which is partially hydraulically isolated from the larger Palouse basin and the main body of the CRBG regional ground-water flow system. This is a lava embayment of the CRBG Grande Ronde Formation which flowed into the area during Miocene time from the southwest following a pre-basalt stream system cut into the western slope of the northern Rockies. The Moscow-Pullman basin has an area of 420–660 km2 and encompasses the cities of Pullman, Washington and Moscow, Idaho plus multiple smaller communities and rural areas, as well as two large universities. This basin is part of the much larger Palouse basin, also shown on Figure 2.

A geological section (Figure 3) through Moscow and Pullman illustrates the general stratigraphy in the Moscow-Pullman basin. Beneath a loess soil cover are the Saddle Mountain, Wanapum, Grande Ronde, and Imnaha basalt formations of the Miocene CRBG, each of which is composed of multiple flows. Interspersed between flows are sedimentary interbeds collectively called the Latah Formation. The pre-basalt rocks are Cretaceous granites and Precambrian crystalline metasediments.

Figure 3. Diagrammatic west to east geological cross section through Pullman to Moscow showing the basalt stratigraphy of the study area.
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As shown in Figure 4, hydrographs are available for about 30 wells in the Moscow-Pullman basin. Fairly common are wells 30–40 m deep, hosted in the Wanapum Formation. These wells account for 10% of the water produced in the basin. The primary aquifer system (known locally as the “lower” or “Grande Ronde” aquifer system) is completely contained within the Grande Ronde Formation. The high yield municipal and university wells tap the Grande Ronde Formation typically at depths of 90–120 m. The Grande Ronde Formation accounts for 90% of the 2.45 billion gallons (62.4 × 106 m3) pumped annually in the Palouse basin [6].

Figure 4. Composite hydrograph of 30 water wells in the Palouse basin. Modified from [20].
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Except at the entrance to the basin, the aquifer system is largely bounded by crystalline rocks of the surrounding highlands. The entrance to the Moscow-Pullman basin near Pullman coincides with a ground water divide apparent on the piezometric surface of the primary aquifer system (Figure 5).

Figure 5. Piezometric map of the primary aquifer. Arrows indicate postulated flow directions of groundwater.
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To the southwest of Pullman, a poorly understood barrier to groundwater flow [7] prevents groundwater from flowing down the steep gradient to the elevation of the Snake River, lying in a deep canyon some 500 m in elevation below the Moscow-Pullman basin (Figure 5). Geochemical observations [21] have shown that groundwater does not seep into the Snake Canyon. It has also been noted that there is a conspicuous lack of large springs on the walls of the Snake River canyon [22]. Generally to the west of the Moscow-Pullman basin piezometric elevations fall off more moderately toward Colfax, dropping some 135 m. As shown in the stratigraphic and hydrogeological cross-section (Figure 3 and Figure 6), the top of the Grande Ronde drops in elevation east towards Moscow and west and northwest away from Pullman.

Figure 6. Diagrammatic hydrogeological cross-section from the Pullman wells on the left (west) to the Moscow wells on the right (east).
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1.4. The Primary Aquifer System

At Pullman, the top of the Grande Ronde Formation is at a relatively high elevation; the depth to the Grande Ronde Formation top is less than 15 m in places (Figure 6). Here, water-level elevations are essentially the same in wells completed deep in the aquifer system and in more shallow open wells. At Moscow and Palouse, however, the primary aquifer system is definitely confined. The Grande Ronde Formation is more than 130 m deep at Moscow, yet the piezometric surface rises to the same level as at Pullman. Wells completed in the overlying Wanapum aquifer system have higher ground-water levels as compared to wells completed in the primary aquifer system (Figure 4 and Figure 6). This strong downward hydraulic gradient suggests that the Wanapum aquifer system, might leak into the primary aquifer system. However, no hydraulic connection has ever been observed between the Wanapum aquifer system and the Grande Ronde aquifer system in the Moscow area.

Four predominant studies using isotopic concentrations in groundwater have been completed in the Moscow-Pullman basin [23,24,25,26]. The apparent radiocarbon ages of water in the Pullman-Moscow area range from 11,000 to 26,000 year in the primary aquifer and from modern to 10,000 year in the overlying units [25,26]. For stable oxygen isotopes, the δ18O values range from −16% to −17.5% in the primary aquifer and from −16% to −14.8% in the overlying units [24,26]. These numbers suggest that the majority of the water in the Grande Ronde was recharged during ice age conditions in the Pleistocene. On the other hand, tritium concentrations, no older than 60 years, have been detected in the upper part of primary aquifer indicating that modern recharge is mixing with the Pleistocene water in the Grande Ronde [26].

In the Moscow-Pullman basin, recharge, if any, to the primary aquifer system comes from either the mountains on edges of the basin where the basalt flows pinch out against the crystalline rocks of the highlands or from vertical leakage from overlying more shallow aquifers perched between flows above the regional aquifer system [27]. It is of critical importance for future management of the aquifer system to determine if there is any recharge to the primary aquifer system and whether it is generated in the surrounding highlands at flow pinchouts or by vertical leakage throughout the basin. If there is no recharge, then new sources of water need to be found for future development, such as a pipeline to the Snake River, some 20 km south and 500 m in elevation below the study area. If there is recharge, then the optimum locations of recharge galleries need to be determined.

The rational approach to understanding the nature of recharge is to develop a ground water model based on a sound hydrogeological conceptual model consistent with pumpage records and the history of water level declines. Previous groundwater models [7,8] of the study area have failed in all these regards. Below we show how geophysical methods have provided better parameters for future groundwater models.




2. Methods

Groundwater models depend in part on the porosity, area, thickness, storativity, and nature of confinement of the aquifer. These parameters, in the Moscow-Pullman basin, are poorly constrained by existing well information and previous stress tests. We have made use of geophysical measurements, including surface gravity measurements, borehole gravity measurements, barometric efficiency estimates, earth tidal response, and earthquake seismology observations to constrain these parameters.


2.1. Porosity of the Aquifer System

The porosity of the CRBG strata exhibits a bimodal distribution due to the difference between the dense, massive interiors of flows (aquitards) and the intraflow structures (aquifers). To better quantify this porosity difference, we made use of extraordinarily detailed borehole gravity data that have been carried out in CRBG strata in three wells at the Hanford site in central Washington State as part of the design process for a new waste treatment plant [28]. The Hanford Site is a mostly decommissioned nuclear production complex sitting on CRBG bedrock operated by the United States federal government on the Columbia River in the U.S. state of Washington. This borehole gravity survey is stated to include the longest section (approximately 1280 m in the three wells) of measurements data taken at such a small station spacing (3 m).

The borehole gravity meter tool has a very large horizontal depth of investigation so it is not influenced by washouts and borehole construction. The survey goal at Hanford was to provide CRBG rock densities with an estimated error of ±0.05 g/cm3 or less. We plotted the 302 CRBG basalt density determinations from the Hanford survey as a histogram in Figure 7. The distribution is clearly bimodal indicating the dichotomy between the massive flows and the porous intraflow zones encountered in the section of CRBG strata surveyed. As also shown in Figure 7, we fit the histogram with two Gaussian curves [29]. The higher peak is at a density 2.80 ± 0.12 mg/cm3 which we take as the mean density of the massive flows. The lower peak is at density 2.02 ± 0.17 g/cm3 which we interpret as the density of the intraflow zones. The density contrast between the massive flow zones and the intraflow units is 0.78 ± 0.20 g/cm3. If we treat the massive flows as having no effective porosity, but with an unconnected vesicle volume typical of basalt (7.8%) [30], we find the mean porosity of the intraflow zones is 0.355 ± 0.04.

Figure 7. Histogram of basalt densities found from a borehole gravity survey [28]. The survey densities were binned in 0.1 g/cm3 increments and then fitted to a bimodal curve using the EzyFit toolbox [29]. The lower density peak is modeled as 2.02 ± 0.17 g/cm3 and the higher density peak as 2.80 ± 0.12 g/cm3.
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2.2. Area of the Aquifer System

The area of the main Grande Ronde aquifer system that should be included in a groundwater model of the Moscow-Pullman basin is quite controversial. By area in this regard, we mean the areal extent to which aquifer parameters determined from well tests in the deep city wells should be applied. In some studies the southwest boundary of the Moscow-Pullman aquifer system is thought to be bounded by the Snake River [8,31], however, geochemical studies have shown that Moscow-Pullman basin ground water does not seep into the Snake River Canyon [21]. It appears likely that northwest trending folds paralleling the Union Flat Creek restrict groundwater movement towards the Snake River Canyon, instead channeling it northwest [7,20,32,33,34,35,36,37].

Another controversy concerns whether the Grande Ronde aquifer system hydrologically connects the southern cities of Pullman and Moscow to the northern city of Palouse. A break in the crystalline rocks within the basin, called the Kamiak Gap, occurs between Pullman and Palouse immediately east of Kamiak Butte (Figure 2). Hydraulic connection between Palouse and the rest of the basin through the Kamiak Gap has been investigated on a geophysical basis by several researchers [38,39]. A magnetotelluric study [38] suggested continuity of the Grande Ronde Formation through the gap. On the other hand, gravity methods [39] initially suggested that the Grande Ronde was interrupted by a saddle of crystalline basement rock obstructing aquifer conductivity south of Palouse. However, new test well data [40], providing much needed control on the elevations of formation tops, has allowed us to reinterpret these gravity data. Gravity readings were taken along four lines in the Kamiak Gap (Figure 8) [39].

Figure 8. Gravity survey area in the Kamiak Gap [39]. See Figure 2 for location of Kamiak Butte within the study area. Lines 1, 2, and 3 are east-west transects of gravity stations across the gap and Line 4 meanders approximately north-south crossing the other three lines. Figure generated with GeoMapApp [41].
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The stratigraphy of the DOE Butte Gap well, drilled at the latitude of the southernmost east-west transect, is remarkably similar to the stratigraphy of the Palouse City #3 well drilled to the north of the Kamiak Gap [40]. Using these constraints we propose a new geophysical model (Figure 9) suggesting that the Grande Ronde basalts are indeed continuous through the Kamiak Gap with a net thickness in excess of 100 m. Thus, Kamiak Gap should not create a hydraulic barrier to north-south groundwater flow.

Figure 9. Gravity model through the Kamiak Gap from north to south. Modeled thickness of Grande Ronde at intersection of Line 1 (Figure 8) is 125 m, at intersection of Line 2 is 224 m, and at intersection of Line 3 is 316 m. The dashed line between basement and Grande Ronde north of Line 1 below the topographic divide indicates uncertainty in the model as there is approximately 1.35 km between survey point locations.
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Thus, for improved ground-water models, the total area of the primary aquifer system that directly affects the Moscow-Pullman basin should be about 620 km2, with 420 km2 south of Kamiak gap, and 200 km2 north of the gap.



2.3. Thickness of the Aquifer System

Comparing the areas of the two normal curves of the histogram of borehole gravity data from CRBG strata at the Hanford site (Figure 7), we find that 29% of the basalt section there is aquiferous intraflow units; the remainder is massive basalt with negligible effective porosity. Based on the logs from deep wells in the Moscow area (Figure 6), a previous study [42] estimates that 25% of the Grande Ronde section consists of intraflow zones. A well construction report [34] for the DOE well (Figure 6) logged where water was seen in the drill core. About 28% of the core length contained water. Producing zones from the Grande Ronde in the Moscow-Pullman basin lie between elevations of 350 m and 716 m above sea level (Figure 6), a net thickness of 365 m. Thus, we estimate the effective thickness of the primary aquifer to be 25% to 29% of 365 m or 100 ± 2 m.



2.4. Specific Storage from Barometric Efficiency

Specific storage can be estimated from barometric efficiency if the porosity of the aquifer is known.
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(1)




where η is porosity; γw is the unit weight of water in N/m3; Ew is the elastic modulus of water (2.2 × 109 Pa); BE is barometric efficiency; and SS is aquifer specific storage in m−1. The barometric efficiency of aquifers in the CRBG is high because of the strength of the massive nearly impermeable flow interiors that separate the confined intraflow aquiferous zones. In the Grande Ronde aquifer system of the Moscow-Pullman basin, previous studies [43,44] have shown that BE ranges from 0.9 to 1.0. As described above, we estimate the mean porosity of the intraflow zones to be 0.355 ± 0.04. Using this value in Equation (1) above, along with the known BE of 0.95 ± 0.05, we find that the specific storage Ss of the aquiferous intraflow zones is 1.67 × 10−6 ± 0.18 × 10−6 m−1.


2.5. Specific Storage from Earthquake Seismology

Seismological theory [45,46,47] predicts that Ss for a confined aquifer can be found by comparing, as the Rayleigh waves from distant large earthquakes roll by, earthquake seismograms to water level oscillations as illustrated in Figure 10. To determine specific storage, the borehole amplification factor has to be known for the well. This factor depends on oscillation frequency, the borehole radius, initial height of the water column, screened aquifer thickness, transmissivity of the aquifer, and, to a minor extent, Ss [46]. Because our quantity to be determined, Ss is involved in the calculation of the borehole amplification factor, the method requires an iterative procedure for its solution. An initial guess of Ss is used to generate successively better approximations. However, because Ss has only a minor effect on the borehole response, convergence is quickly obtained.

Figure 10. Water level oscillations observed in a water well near Moscow, Idaho while seismic waves from the 2012 M7.8 Haida Gwaii Earthquake passed through the aquifer.
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The seismic Rayleigh wave response of municipal well Moscow 9 (see Figure 6 for location) was evaluated. This important supply well was shut down temporarily for pump repair for several months in 2012, giving an opportunity for the installation of a data logger. The well is cased except for 27 m of screen adjacent to several interconnected highly permeable flow top units within the Grande Ronde aquifer. The top of the aquifer is at a depth of 198 m below land surface. The static level of the water rises to a height of 104 m above the top of this confined artesian aquifer. The borehole diameter above the screened intervals is 0.22 m. A transmissivity estimate from previous well tests was used [48]. Rayleigh waves from three moderately large 2012 earthquakes (magnitude >7.7) with epicenters in Haida Gwaii, Okhotsk, and the Philippines were observed. During the same time intervals as the Rayleigh wave were passing, the data logger in well Moscow 9 was collecting measurements at one minute intervals (Figure 10). Twenty water level measurements immediately after the Rayleigh wave first arrival for each of three separate earthquakes were used to find Ss.

Combining the data from the earthquakes, Ss was found to be 1.5 × 10−6 ± 0.2 × 10−6 m−1. However, this optimistic figure does not take into account sources of error that are difficult to quantify. The method assumes the aquifer is confined, uniformly porous, and free of heterogeneities.



2.6. Specific Storage from Earth Tides

Gravity theory predicts that earth tides (Figure 11) will result in harmonic subsurface dilatations within a few hundred meters of the earth’s surface [46,49]. At inland sites, the lunar diurnal (O1) and lunar semi-diurnal (M2) are the most affected by the local hydraulic characteristics of the formations open to the wells [46]. On the other hand, the solar harmonics, K1 and S2, at periods of 1.0 and 0.5 days, contain the influence of atmospheric-pressure oscillations. At latitude θ, the resulting water level deflections for the O1 and M2 earth tides in an open water well in a confined aquifer are given by

Figure 11. Water level deflections caused by earth tides in (a) DOE well and (b) WSU5 well. See Figure 6 for locations. The O1 and M2 harmonics have periods of 1.0758 and 0.5376 days. Note that the DOE tidal amplitudes are 50 times higher than those in Pullman well WSU5, suggesting that the primary aquifer system near Pullman is partially unconfined.
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AO1 = 1.56 × 10−8 sin(θ) cos(θ)/Ss and AM2 = 1.89 × 10−8 cos(θ) cos(θ)/Ss



(2)




where AO1 and AM2 are the amplitudes at periods of 1.0758 and 0.5376 days [46,49].


The DOE well, located midway between Moscow and Pullman (Figure 3), was the site of an experiment to measure earth tides in the study area. Groundwater levels were sampled at 10 min intervals for an entire year to produce the spectrum shown in Figure 11. The spectrum is noisy because of interference from nearby pumping wells. To agree with the Ss from barometric efficiency, the equations above predict that AM2 would be less than 0.001 m, an amplitude lost in the background noise apparent in Figure 11a On the other hand, we found AO1 at 0.0054 m to be five times above the background noise, resulting in a Ss of 1.44 × 10−6 ± 0.14 m−1, a value in agreement with our estimate from barometric efficiency.



2.7. Pressure State of the Aquifer System

Figure 11 also shows the earth tide response of well WSU5 (see Figure 6 for location) in Pullman. The amplitude of AO1 in this well was 7.0 × 10−5 m, 50 times smaller than the O1 amplitude in the DOE well. The amplitude AM2 was 6.4 × 10−5 m. The calculated Ss values from Equation (2) are 1.1 × 10−4 m−1 and 1.4 × 10−4 m−1 for the O1 and M2 harmonics respectively, far too large if the aquifer at this location is confined. Earth tides can occur in partially confined aquifers, and the strength of the response depends on the distance to the exposed phreatic water table [50]. The low tidal response of WSU5 compared to DOE is consistent with the idea that the primary aquifer system is unconfined at places near Pullman.



2.8. Storativity of the Aquifer System

Estimates of the storativity of the primary aquifer system based on previous well tests and ground water models in the Moscow-Pullman basin have ranged over six orders of magnitude (Figure 12). To better constrain this parameter, we made use of our estimates stated above of specific storage and effective thickness. In Moscow, where the aquifer system is clearly confined, these yield consistent values of specific storage of 1.5 × 10−6 ± 0.2 × 10−6 m−1. Multiplying the specific storage by the effective aquifer thickness of 100 m, we obtain a storativity of 1.5 × 10−4 ± 0.2 × 10−4, a value that falls in the range of previously determined storativity values from well tests (Figure 12).

Figure 12. Values of storativity found by previous well tests [43] and groundwater models [7,8,31,43] compared to the values found using three geophysical methods described in the text. The dashed lines show the preferred values for storativity found in this study. The upper line is for the unconfined areas of the aquifer system and the lower value is for the confined units.
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In Pullman, where the aquifer system is apparently unconfined at places, we suggest that the annual decrease in water levels is the result of extraction of water from storage in the aquiferous intraflow units with a storativity equal to the specific yield, which would be about 0.35 based on the results above. As shown in Figure 12, this storativity for the unconfined areas is much higher than values used in previous groundwater models of the primary aquifer system.

In summary, where the aquifer is confined, the storativity was found to be near 1.5 × 10−4; where unconfined, 3.5 × 10−1. Thus, for the same drop in hydraulic head, very little water is produced by water expansion from the confined units compared to the amount of water extracted from the unconfined area. For each m3 of water produced from the confined units by expansion, more than 350 m3 are extracted from storage in the uppermost unconfined aquiferous unit.




3. Synthesis with Pumpage and Records of Water Level Decline


3.1. Water Budget Model

The goal of this study was to employ geophysical methods to provide better estimates of certain parameters needed for future comprehensive groundwater models of the Moscow-Pullman basin. For the present study, however, we do employ a simple single cell model to test the sensitivity of the basin’s recharge budget to our parameters. Single cell models employ infinite transmissivity, but finite storativity, and are commonly used in economic hydrology [51]. On an annual basis, we treat the Moscow-Pullman basin as a single cell with boundary conditions such that:



Vp = Vr + S A (Δh)



(3)




where Vp in m3/year is the annual volume of water pumped; Vr in m3/year is the annual volume of water replenished from outside the cell; S is the dimensionless storativity of the cell; A is the area of the cell in m3; and Δh in m/year is the annual decline in water level. Two of the variables Vp and Δh in the above relation are well known from records kept by the Palouse Basin Aquifer Committee [6]. For the storativity and area of the cell, we use the estimates provided by the geophysical methods described above.
The annual volume of replenishment has two components: (1) that driven by Δh; and (2) that not directly associated with Δh [43]. In the first category are head-related changes in influx to the cell from the surrounding region. Also in this category are any changes in flux from overlying units due to the increased vertical hydraulic gradient. In the second category is decreased recharge due to depletion of the overlying hydraulically connected source (overlying leaky aquifers or surface streams). To better understand the effect a sustained drought may have on replenishment, it is useful to separate these two components. In our simple model, we employ a linear approximation such that:



Vr = Sc Δh + V0



(4)




where Sc in m2/year is an annual volume replenished per unit annual drop in head for head-related sources and V0 in m3/year is the volume of annual recharge not directly head-related. Combining the above two equations and taking into account the possibility that the aquifer is unconfined in places:


Vp = (Sc + S Ac + Sy Au) Δh + V0



(5)




where S and Sy are the storativities and Ac and Au are the areas of the confined and unconfined portions, respectively. Thus, our simple model predicts a linear relationship between annual volume pumped and annual drop in water level, with an intercept equal to V0 and a slope associated with storativity, area, and head-related replenishment.
Figure 13 shows a cross-plot of annual water volume pumped as a function of annual drop in water level for the primary aquifer in the study area as provided by the Palouse basin Aquifer Committee [6]. The data points (modified from [32]) are for years 1968–2010. The solid line in the cross-plot is the best-fit line to the data. The correlation coefficient (r2) is 0.52, showing that the data can be reasonably fit by a straight line with slope of 30.6 × 106 ± 4.4 × 106 m and intercept of 58.34 × 106 ± 1.55 × 106 m3/year.

Figure 13. Annual water level decline vs. pumped volume for the Grande Ronde aquifer system. The data points show the historic data since 1968 along with a best-fit line. The large blue diamond is the current state. The red dashed line is the predicted state of the aquifer system in the event of a sustained drought causing a 15% drop in recharge. The red diamond indicates the expected annual water level decline if the current pumpage is maintained during the drought.
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3.2. Model Results

We can make several inferences from the simple model. All the parameters in Equation (5) controlling the slope of the best-fit line are not known, so we consider a number of possibilities.

First of all, we find that the water budget is relatively insensitive to the parameters which we have derived by the geophysical methods described above. Regardless of values used for storativity, aquifer area, or head-related replenishment, there is a large amount of annual recharge unrelated to head (V0 = 58.34 × 106 ± 1.55 × 106 m3/year), accounting for 93.5% ± 2.6% of the current pumped volume, but unfortunately not enough to stop long term-water level declines. It is clearly impossible to model the aquifer without invoking a considerable amount of annual recharge.

Second, if the primary aquifer is in fact confined everywhere, then, from our geophysical results above, we can set S = 1.5 × 10−4 ± 0.2 × 10−4 and Ac = 620 km2 in Equation (5), leading to Sc = 30.51 ± 0.01 m2/year, a result very insensitive to our uncertainty in storativity. In this scenario, only 0.02% of the current pumped volume of 62.4 m3/year, comes from storage. 6.5% comes from head-related replenishment, and the remainder from recharge. The relatively low percentage of head-related replenishment compared to recharge suggests that constant-head boundary conditions should be used with caution in future numerical models of the confined system. Also, the value of storativity in the confined system is unimportant and could be off by an order of magnitude without affecting the water balance by more than one per cent.

Third, if the primary aquifer is partly unconfined as the geophysical data suggest, we can estimate the maximum area of the phreatic water table. For this case, using our geophysical results, we can set S = 1.5 × 10−4 ± 0.2 × 10−4, Sy = 0.355 ± 0.04, Sc = 0, Ac = 620 km2 Au, leading to an Au of at most 86 ± 8 km2 or 14% of the area of the Moscow-Pullman basin. Under this scenario, 6.5% of the current water being pumped comes from storage. Recharge accounts for 58.3 × 106 m3/year, independent of head; the remaining 3.1 × 106 m3/year of the water pumped is produced from storage almost entirely by gravity drainage of the uppermost aquiferous unit. In future models involving a phreatic water table, specific yield does become a relevant parameter, but, nonetheless, a very small contributor compared to recharge.

Fourth, the actual situation could well be a combination of the previous two scenarios, with a phreatic water surface over a smaller area releasing water from storage along with the drop in head inducing more recharge into the deeper aquifer systems from overlying units or decreasing the flux out of the study area to the west. However, these effects on a numerical model will all still be minor compared to head-unrelated recharge.

Finally, we can use our simple model to predict the response of the primary aquifer to a sustained drought (Figure 13). If we assume for example, that annual replenishment to the aquifer system is reduced by 15% as a result of an episode of continued low annual precipitation, the model shows that the annual water level decline would increase four-fold over the current value if current levels of pumpage were maintained.




4. Conclusions

This study clarifies a number of issues about the primary aquifer system within the Palouse basin and should lead to better numerical groundwater models, and more rational planning for the future not only for this aquifer system but for any CRBG aquifer should the 21st century prove to be as dry as predicted. The storativity of the deeper aquiferous basalt intraflow units is, in fact low, 1.5 × 10−4, a value within the range of the many well tests that have taken place, but an order of magnitude or more below the values used for these units in previous groundwater models of the aquifer system. While the primary aquifer system is generally confined, in the vicinity of Pullman it is apparently unconfined with a phreatic water table and a storativity of 0.35, a value far higher than that used in previous groundwater models. Thus, the water that is derived from storage throughout the basin is at a cost of the lowering of the phreatic water table near Pullman and a general depressurization of the primary aquifer system throughout the Moscow-Pullman basin.

The derived values of aquifer thickness, area, and storativity derived from geophysical methods in this study will improve future groundwater models of the primary aquifer, but they will have only a second-order effect. The first order unknown is recharge. Although the mechanism remains elusive, currently more than 90% of the water pumped annually is replenished by recharge unrelated to head. Should that replenishment be halted by a prolonged drought, water level decline would accelerate. Furthermore, if the aquifer system is in fact, partially unconfined, water level drops may be sudden as the phreatic table encounters different units at depth. There is no guarantee that the primary aquifer system would continue to operate as a unified system as horizontal intraflow pathways get cut off as water levels decline.

Current studies of possible recharge galleries for the Moscow-Pullman basin are focused on the eastern side of the basin in hopes of recharging, not the primary aquifer system, but the overlying Wanapum system [27]. But this system provides only 10% of the net water supply, mostly in Moscow, and it is not clear that replenishing the Wanapum in Moscow will affect the primary aquifer. The geophysical results presented here suggest that the most logical location for future recharge galleries may be in the Pullman vicinity where the primary aquifer system appears to be unconfined and where its phreatic groundwater table is shallow. Two tributaries of the Palouse River have a confluence at Pullman. Redirecting the spring runoff in those tributaries into the aquifer system could restore historical water levels at Pullman and re-pressurize the confined units throughout the Moscow-Pullman basin.
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